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ABSTRACT
Unexpected clustering in the orbital elements of minor bodies beyond the Kuiper belt
has led to speculations that our solar system actually hosts nine planets, the eight
established plus a hypothetical “Planet Nine”. Several recent studies have shown that
a planet with a mass of about 10 Earth masses on a distant eccentric orbit with
perihelion far beyond the Kuiper belt could create and maintain this clustering. The
evolutionary path resulting in an orbit such as the one suggested for Planet Nine is
nevertheless not easily explained. Here we investigate whether a planet scattered away
from the giant-planet region could be lifted to an orbit similar to the one suggested
for Planet Nine through dynamical friction with a cold, distant planetesimal belt.
Recent simulations of planetesimal formation via the streaming instability suggest
that planetesimals can readily form beyond 100 au. We explore this circularisation by
dynamical friction with a set of numerical simulations. We find that a planet that is
scattered from the region close to Neptune onto an eccentric orbit has a 20-30% chance
of obtaining an orbit similar to that of Planet Nine after 4.6Gyr. Our simulations also
result in strong or partial clustering of the planetesimals; however, whether or not this
clustering is observable depends on the location of the inner edge of the planetesimal
belt. If the inner edge is located at 200 au the degree of clustering amongst observable
objects is significant.
Key words: Kuiper belt: general — planets and satellites: dynamical evolution and
stability — planets and satellites: formation — planet–disc interactions
1 INTRODUCTION
Trujillo & Sheppard (2014) discovered an unexpected clus-
tering in the argument of perihelion of minor planets with
semimajor axis beyond 150 au and perihelion beyond the
orbit of Neptune, objects referred to as extreme trans-
Neptunian objects (ETNOs). Subsequent orbital element
analysis performed by Batygin & Brown (2016) showed that
the orbits of these clustered ETNOs are physically aligned.
The authors of both papers demonstrated that this cluster-
ing could be explained by the presence of a distant eccentric
planet.
Trujillo & Sheppard (2014) demonstrated that a planet
with mass between 2 and 15M⊕ and a semimajor axis be-
yond 200 au could have created the clustering of ETNOs,
and maintained it for billions of years. Stronger constraints
were placed by Batygin & Brown (2016), who showed that
the clustering of longitude of perihelion and ascending node
could be maintained by a planet of mass ≥ 10M⊕ on a dis-
? E-mail: nat13ler@student.lu.se
tant eccentric orbit that is inclined and anti-aligned with
the ETNOs. They found in their simulations that orbits
outside the parameter region bounded by semimajor axis
a ∼ 400 − 1500 au and eccentricity e ∼ 0.5 − 0.8 were dis-
favoured. In this incarnation, the undetected planet has be-
come known as ”Planet Nine”. This region was refined in a
later paper by Brown & Batygin (2016), who identified a
region with a ∼ 380 − 980 au, e ∼ 0.1 − 0.8, masses between
5−20M⊕ and an inclination (i) of approximately 30◦ relative
to the ecliptic. Other authors (Malhotra et al. 2016; Becker
et al. 2017; Millholland & Laughlin 2017) have studied the
dynamical stability of the clustered ETNOs and used reso-
nance considerations to constrain the orbital parameters of
Planet Nine, which yield solutions within the region identi-
fied by Brown & Batygin (2016).
Various mechanisms have been proposed to explain the
origin of Planet Nine, e.g. capture from another star during
a close encounter in the Sun’s birth cluster (Li & Adams
2016; Mustill et al. 2016; Parker et al. 2017), or in-situ for-
mation by slow coagulation within a distant ring of planetes-
imals (Kenyon & Bromley 2015, 2016). A third option is that
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Planet Nine is a scattered ice giant, originating in the outer
giant-planet region. Planets with masses in the predicted
regime for Planet Nine can be scattered onto large semima-
jor axis orbits by giant protoplanets growing in the ice-giant
region that are clearing their respective orbital domains (e.g.
Thommes et al. 1999; Levison & Morbidelli 2007). Outward
scattering can also occur during instabilities in mature sys-
tems (see e.g. Tsiganis et al. 2005; Nesvorny´ 2011). However,
unless such scattered planets somehow circularize their or-
bits, subsequent scattering near perihelion eventually leads
to ejection. One potential mechanism for circularizing the
orbit is through dynamical friction with an extended mas-
sive disc of gas (Bromley & Kenyon 2016).
In this work we propose a new mechanism for circular-
izing the orbit of a scattered Planet Nine, namely through
dynamical friction with a massive planetesimal belt beyond
100 au. Formation at these large distances is a result of FUV
photoevaporation, which reduces gas mass and triggers plan-
etesimal formation through the streaming instability. In re-
cent simulations of planetesimal formation via the stream-
ing instability performed by Carrera et al. (2017), a massive
(60 − 130M⊕) planetesimal belt forms beyond 100 au. We
will refer to such an ultracold belt of planetesimals as a cry-
obelt. The amount of planetesimals formed interior to 100 au
is heavily dependent on the model and parameters that are
being used, whilst the formation of a cryobelt by FUV pho-
toevaporation is a robust result of the simulations and does
not require particular fine tuning of any parameters (except
for the assumption that FUV radiation indeed leads to ef-
ficient photoevaporation in the first place, as pointed out
by Ercolano et al. 2017). Since this cryobelt forms early it
should be present at the time of the giant planet forma-
tion, when Planet Nine is most likely to have been scat-
tered out. An additional result from Carrera et al. (2017)
is that the streaming instability together with FUV photoe-
vaporation does not form enough planetesimals in the giant
planet region to form the cores of giant planets, suggesting
that the planetesimals taking part in the formation of giant
planet cores form through some other process, e.g. particle
pile-ups near ice lines (Sirono 2011a,b; Ida & Guillot 2016;
Dr ↪az˙kowska & Alibert 2017; Schoonenberg & Ormel 2017).
In this paper we investigate whether dynamical friction
with a massive planetesimal belt beyond 100 au can put a
scattered ice giant on an orbit similar to that which is ex-
pected for the hypothetical Planet Nine. In Section 2 we
briefly describe the numerical methods that have been used;
in Section 3 we present results from the preliminary inte-
grations; in Section 4 we present results from the final sim-
ulations; and in Section 5 we discuss and summarize the
results.
2 NUMERICAL METHODS
In order to investigate the effect that a massive cryobelt
has on the orbit of a scattered, eccentric ice giant, we have
employed a series of direct N -body simulations. The simula-
tions were carried out using the mercury package (Cham-
bers 1999). We used the hybrid symplectic-Bulisch-Stoer al-
gorithm throughout the paper with a tolerance parameter
of 10−13, and set the timestep to be a twentieth of the short-
est dynamical timescale, the orbital period of Uranus. Ad-
ditional simulations with smaller tolerance parameters were
executed in order to check that the outcome was not affected.
A planet of mass 10M⊕ was initiated on an eccentric
orbit with a perihelion distance of 30 au, mimicking a re-
cent scattering by Neptune. The initial inclination was set
to be 5 degrees, since preliminary integrations showed that
smaller initial inclinations resulted in systems with high ec-
centricities of Uranus and Neptune. Following the results
from Carrera et al. (2017), we introduce a massive cryobelt
that has a surface density distribution following 1/a. We set
the width of the cryobelt to be 500 au, and perform sim-
ulations for inner edges at 100 and 200 au. The models of
Carrera et al. (2017) produce cryobelts of masses down to
& 60M⊕. We use the lower mass limit since it results in a
lower limit on the effect on the orbit of the scattered planet.
We also perform a small set of simulations with a less mas-
sive cryobelt, to represent the scenario when mass is stripped
from the solar system during its time in the birth cluster, or
if planetesimal formation is less efficient than in our fiducial
model. The cryobelt is represented by either 1000 or 10000
massive small bodies in mercury (see discussion in 3.1).
At an initial semimajor axis of 30 au, Planet Nine is
unlikely to suffer any close encounters with Jupiter or Sat-
urn, and so for the sake of computational time we chose to
only include three big bodies in the simulations (Uranus,
Neptune and Planet Nine). However, even though close en-
counters between Planet Nine and the gas giants might be
unlikely, the gas giants could dominate the orbital evolution
of some close-in cryobelt objects. As this is the part of the
cryobelt that is most likely to be observable, we choose to
use the same trick as Batygin & Brown (2016) and include
the gravitational potential of the gas giants in a manner
that does not demand a decreased time-step. We incorpo-
rated the acceleration due to the gas giants by increasing
the radius of the Sun out to the orbit of Saturn (R∗ = aS)
and adding a J2 moment to its potential. The magnitude of
the J2 moment due to Jupiter and Saturn is (Burns 1976)
J2 =
1
2
i=2∑
i=1
mia2i
M∗R2∗
(1)
where mi is the mass of planet i and M∗ is the mass of the
Sun.
The aim of the simulations was to investigate whether
it is possible to circularize the orbit of Planet Nine enough
to be within the region of parameters identified by Brown
& Batygin (2016), without considerably exciting the outer
giant-planet region. We started off with a set of simulations
with integration time 1Gyr. Once the simulations were fin-
ished we identified those with orbital parameters within the
region identified by Brown & Batygin (2016) and continued
to run those for the age of the Solar system. We reject runs
with an energy error of greater than 10−3; however, most of
our runs have energy errors of order 10−5.
3 PRELIMINARY INTEGRATIONS
3.1 Sensitivity to number of small bodies
In order to test the sensitivity of the scattered planet’s orbit
to the number of small bodies, we integrated the orbit of
the scattered planet in the presence of a cryobelt consisting
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Figure 1. Sensitivity of the simulations to the number of small
bodies. The figure shows the evolution of the semimajor axis
(top), the perihelion distance (middle) and the eccentricity (bot-
tom) for a system containing a scattered ice giant and a massive
cryobelt made up of either 1000 (blue) or 10000 (red) small bod-
ies.
of either 1000 or 10000 small bodies. The mass of the cry-
obelt was uniformly distributed between the small bodies.
The system was integrated for 500 orbits, after which the
evolution of the orbital elements was compared (see Fig. 1).
The stability of the orbit was improved with an increased
number of small bodies, while the evolution of the eccen-
tricity and perihelion distance diverged only slightly. As the
study does not aim for a very high precision, and since the
computational time can be greatly diminished with a smaller
number of bodies, the small divergence was deemed negligi-
ble, and future simulations were performed with 1000 small
bodies.
The mass of each cryobelt object in the simulations is
60/1000M⊕ = 0.06M⊕. For comparison, the mass of the
Kuiper belt is estimated to be around 0.04 − 0.1M⊕, and
hundreds of thousands of KBOs are thought to exist. The
most massive planetesimals formed by the streaming insta-
bility have a mass of around 10−4 − 10−5 M⊕ (Johansen et
al. 2015; Simon et al. 2016). In other words, the cryobelt
objects used in our simulations are super-particles and rep-
resent many smaller objects.
3.2 Lack of excitation of the Kuiper belt
Depending on the initial inclination of Planet Nine, it takes
around 10− 100Myr to lift the perihelion of the orbit out of
the Kuiper belt. Before this occurs it has to pass through
the Kuiper belt. The high velocity at the perihelion pass-
ing should make the scattering effect on the objects in the
Kuiper belt fairly low, but in order to establish this we per-
formed a small set of simulations including Uranus, Neptune,
Planet Nine and a low-mass Kuiper belt.
We performed 3 different simulations with 1000 KBOs
that were given semimajor axes between 30 and 55 au and
eccentricities and inclinations between 0.001 and 0.01 at the
beginning of the integration. Planet Nine was given different
initial semimajor axis in each simulation: the values tested
were 400, 600 and 800 au. After 100Myr more than 50% of
the Kuiper belt objects had eccentricities below 0.1, and over
75% of them had eccentricities below 0.2 ( see Figure 2).
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Figure 2. Excitation of the Classical Kuiper Belt by an eccentric
Planet 9 being scattered by the ice giants. The histogram shows
the final eccentricities of objects from the simulation that were
initially within the Kuiper belt (blue) and the eccentricities of
known classical Kuiper belt objects (red). The excitation of the
Kuiper belt due to Planet Nine results in a distribution of KBOs
that well resembles that of the classical Kuiper belt.
Table 1. Parameter choices for our simulations.
Parameter Value or Range Units
Planet Nine
Mass 10 M⊕
Initial inclination 5 deg
Initial semimajor axis 400, 500, 600, 700, au
800, 900, 1000
Initial perihelion 30 au
Cryobelt
Mass 60 (10,20,30) M⊕
Number of particles 1000
Inner edge 100, 200 au
Outer edge 600, 700 au
This result is true for all simulations and did not vary with
the initial semimajor axis of Planet Nine. We also checked
the inclination excitation and found that over 75% of the
Kuiper belt objects had inclinations smaller than 5◦, similar
to the cold classical KBOs. As we have no cryobelt in these
simulations Planet Nine’s perihelion does not detach from
the Kuiper Belt region, so this sets an upper limit on KBO
excitation. Excitation could be avoided altogether if Planet
Nine were scattered prior to the Kuiper Belt being emplaced,
as may be the case if the classical Kuiper belt formed at the
latest stages of protoplanetary disc evolution, as seen in the
simulations of Carrera et al. (2017).
4 RESULTS
4.1 Scattering of Planet Nine
We started off our simulations with Planet Nine already on
an eccentric orbit with perihelion at 30 au. In order to test
how strong the initial scattering of Planet Nine must have
been we performed a series of simulations where Planet Nine
was initiated on an orbit with perihelion distance just out-
side Neptune but with varying semimajor axes; see Table 1
for the different initial configuration of Planet Nine. We per-
formed 35 simulations each for an inner edge of the cryobelt
at either 100 au or 200 au, each with a different random seed
for the cryobelt particles.
MNRAS 000, 1–9 (2017)
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Figure 3. The values of eccentricity and semimajor axis for
Planet Nine at the end of each integration. The blue triangular
area represents favorable orbits of Planet Nine and is based on
Figure 2 from Brown & Batygin (2016). Simulations which result
in Planet Nine parameters within the blue region is considered
successful. In this plot we show results from simulations with a
cryobelt edge at 100 au (triangular marker) and results from sim-
ulations with a cryobelt edge at 200 au (circular marker).
In Figure 3 the final eccentricities and semimajor axes of
Planet Nine from all performed simulations can be viewed.
The blue area represents favourable orbits for Planet Nine
and is based on Figure 2 from Brown & Batygin (2016); the
area is chosen in a similar manner as in Mustill et al. (2016).
Simulations which result in Planet Nine parameters within
this blue area, while at the same time leaving Uranus and
Neptune at orbital eccentricities below 0.05, are considered
successful. Out of all simulations with an inner edge of the
cryobelt at 100 au, approximately 30% (11/35) where suc-
cessful. For simulations with an inner edge of the cryobelt
at 200 au the success rate was 20% (7/35).
The evolution of the semimajor axis, eccentricity and
inclination of the three ice giants is shown in Figure 4 for
simulations with an inner edge of the cryobelt at 200 au.
Looking at the successful simulations we obtained a maxi-
mum final orbital eccentricity of 0.02 for Uranus, and 0.03
for Neptune. The preferred inclination from Brown & Baty-
gin (2016) was 30◦, however they find in their calculations
that an inclination of 20◦, which is what we obtain in our
simulations, works approximately as well.
From Figure 4 we find that the simulations that failed
to end up within the desired parameter region either circu-
larized down towards zero, or suffered too much scattering
by Neptune before becoming detached from the giant planet
region. All simulations suffered continual close encounters
by Neptune at integration time between 1− 10Myr. We find
in our simulations that the initial choice of semimajor axis
for Planet Nine does not affect the result. This is at least
true for our particular choice of initial perihelion distance for
Planet Nine. We obtained successful simulations for initial
semimajor axes between 400 and 800 au.
Pure dynamical friction results in inclination damping
(Del Popolo et al. 1999); however, we find in our simulations
that the inclination of Planet Nine increases (see lower panel
of Figure 4). This hints to some other mechanism operating
in the system apart from dynamical friction. In our simula-
tions Planet Nine starts with a very high eccentricity and
a low inclination. With time the eccentricity of Planet Nine
will decrease due to dynamical friction, and once it reaches
a sufficiently low value Planet Nine becomes trapped in a
Kozai resonance (Kozai 1962; Lidov 1962) with the more
massive cryobelt. The perturbation on Planet Nine’s orbit
then gives rise to oscillations about a constant value of the
orbit’s argument of perihelion. In Figure 5 we show a typical
example of the trajectory followed by Planet Nine, in the
phase space of eccentricity versus argument of perihelion.
Initially Planet Nine lies in the region of high-eccentricity
circulating trajectories at the top of the figure. Here, ec-
centricity remains high and barely fluctuating, and so the
orbital inclination remains low. As eccentricity is damped,
it enters the Kozai resonance“from above”and begins the os-
cillatory exchange of eccentricity and inclination. This entry
into the resonance from above contrasts with the situation
usually considered for the Kozai effect, where eccentricity
starts low and inclination high. Entry into the resonance is
a robust feature of our simulations. This mechanism thus
explain the oscillatory behavior of Planet Nine’s orbital in-
clination and eccentricity seen in the two lower panels of
Figure 4; as well as the overall increase in inclination of
Planet Nine’s orbit to the values favored by Brown & Baty-
gin (2016).
The main goal of this paper was to investigate whether
it was possible to circularize a scattered ice giant enough to
be within the parameter region predicted for Planet Nine
via dynamical friction with a cryobelt. The result from this
first subsection shows that this is indeed possible.
4.2 Simulations with a lower-mass cryobelt
During the early life of the solar system, when the sun was
still in its birth cluster, stellar flybys were likely common.
During such flybys there is a chance that mass from far out
in the solar system gets stripped. As the cryobelt is located
several hundred au away from the sun, it is not impossible
for some of this mass to be stripped from the solar system
before the orbit of Planet Nine has been put in place. If
too much mass is being stripped too early, it might not be
possible to circularize the orbit of Planet Nine. Additionally,
planetesimal formation might not be quite as prolific as in
the models of Carrera et al. (2017).
To check this we performed a small set of simulations
with a lower cryobelt mass. The limiting case would be when
the mass of the cryobelt is the same as the mass of Planet
Nine. We performed 5 simulations of this and found that
Planet Nine was ejected in 4/5 simulations. In the last sim-
ulation Planet Nine ended up fairly close to the region indi-
cated in Figure 3; however, the final orbital inclination was
close to zero and the semimajor axis of Neptune got shifted a
few au. When a cryobelt with twice the mass of Planet Nine
was used instead, the success rate increased substantially.
Out of 5 simulations Planet Nine became trapped in Kozai
resonances and ended up inside or near the desired region
twice, and was only ejected once. Finally we performed the
same set of simulations for a cryobelt three times more mas-
sive than Planet Nine, and although none of the 5 ended up
MNRAS 000, 1–9 (2017)
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Figure 4. The evolution of the semimajor axis for Planet Nine (top panel), the semimajor axis for Uranus and Neptune (second panel),
the eccentricity for all three planets (third panel) and the inclinations for all three planets (bottom panel) from all simulations performed
with an inner edge of the cryobelt at 200 au. Simulations in which Planet Nine ended up within the region identified by Brown &
Batygin (2016) (the ones considered successful in Figure 3) are colour-coded after their initial semimajor axis. Thin grey lines represent
simulations where Planet Nine did not end up within this region. In the figure dotted lines represent Uranus, dashed lines Neptune and
solid lines Planet Nine. Due to continual encounters between Neptune and Planet Nine happening around 1−10Myr after the simulations
start, the final semimajor axis of Planet Nine varies considerably from the initial one. It is the outcome of these close encounters that
decides whether or not Planet Nine will end up in the region identified by Brown & Batygin (2016).
inside the desired region, this time no simulation resulted in
ejection of Planet Nine.
All of the simulations performed with a lower mass
cryobelt resulted in an orbital inclination close to zero for
Planet Nine. This is not the case for the previous simula-
tions with a 60M⊕ cryobelt. In other words, if the mass of
the cryobelt is large then Planet Nine naturally gets excited
to a higher inclination. However, if the mass of the cryobelt
is small then Planet Nine must acquire a 20−30 degree incli-
nation through the initial scattering event. Our preliminary
integrations show that such an initial inclination does not
affect the orbits of either Uranus or Neptune; in fact such
systems are generally more stable than systems where Planet
Nine is given an initial inclination of 5 degrees.
4.3 Clustering and observability of the cryobelt
particles
The observations that led to the Planet Nine hypothesis
are the proposed clustering of ETNO’s, which many authors
have demonstrated can be created and maintained by a dis-
tant eccentric planet (e.g. Trujillo & Sheppard 2014; Batygin
& Brown 2016). As our simulations include a cryobelt posi-
tioned well beyond Neptune’s orbit, we can not only test if
this clustering occurs but also if it could persist for the age
of the Solar System.
In Figure 6 we show the longitude of perihelion, longi-
tude of ascending node and argument of perihelion for the
cryobelt particles at the end of one of the successful inte-
grations. The inner part of the cryobelt is dominated by
the giant planets and experience little or no clustering. Ob-
jects with semimajor axes outside 270 au, however, experi-
ence strong or partial clustering in all three orbital angles.
This result is true for all successful simulations, although
the edge beyond which clustering starts to appear can shift
a few tens of au. The location of this edge depends on the
inner edge of the cryobelt and the position of Planet Nine.
When the inner edge of the cryobelt is moved from 100 au to
200 au, the part of the cryobelt that is affected by the giant
planets is greatly diminished.
As we have postulated a large population of distant bod-
ies in the cryobelt, we need to ensure that this population
is compatible with observed TNO populations. We found
that, when setting the inner edge of the cryobelt to 100 au,
MNRAS 000, 1–9 (2017)
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Figure 5. The eccentricity versus argument of perihelion of
Planet Nine as the two orbital elements evolve over time (blue
to red). Planet Nine starts with high eccentricity at the top of
the plot. As the eccentricity decreases, Planet Nine eventually
gets trapped in a Kozai resonance with the more massive cry-
obelt. This perturbation give rise to oscillations about a constant
value of the orbit’s argument of perihelion, resulting in eccen-
tricity being traded for inclination. In this particular simulation
Planet Nine had an initial semimajor axis of 400 au.
the simulations yielded large numbers of planetesimals with
a semimajor axis of ∼ 100 au and perihelia smaller than
2012VP113, a population which is not observed. We there-
fore also ran simulations where the inner edge of the cryobelt
was set to 200 au. These latter simulations resulted in fewer
observable cryobelt objects and better resembles the known
population of ETNOs. In Figure 7 we show the eccentricities
and semimajor axes for all surviving cryobelt objects from
one of the successful simulations with an inner edge of the
cryobelt at 200 au. Interactions with Planet Nine leave some
of the cryobelt objects on excited orbits with eccentricities
as high as 0.9. A significant number of these objects obtain
perihelion distances less than 2012VP113 and mix in with
the scattered disc.
One interesting feature that we see in all of our simu-
lations, is that the clustering of the cryobelt objects mostly
occurs beyond the perihelion of the most distant observed
ETNO, 2012VP113 at q = 80 au. We investigate this further
by calculating the degree of clustering amongst the cryobelt
objects as a function of their perihelion distances. To do so
we use a method similar to circular spectral analysis (see
e.g. Lutz 1985). The first step is to sort all cryobelt objects
by perihelion distance. Then we loop through all cryobelt
objects in this order, and for each object convert the angles
of the orbits of the 100 closest lying objects to Cartesian
coordinates. The length of a vector r pointing towards the
mean of these coordinates tell us how clustered the data is.
Only if |r | = 0 are the cryobelt objects distributed homoge-
neously over the unit circle. If, on the other hand, |r | = 1
then this implies that all of the cryobelt objects are perfectly
aligned. See Figure 8 for a pictorial description of how the
calculation is performed.
In Figure 9 we show the degree of clustering in lon-
gitude of perihelion, longitude of ascending node and argu-
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Figure 6. The plots are from one of the successful simulations
with an inner edge of the cryobelt at 200 au and show the lon-
gitude of perihelion (left), longitude of ascending node (middle)
and argument of perihelion (right) of all surviving objects in the
cryobelt as a function of semimajor axis (top) and perihelion
(bottom). Cryobelt objects with perihelion inside 2012VP113 and
semimajor axis beyond the dashed line are marked with dark-blue
circles; these are in theory observable and dominated by Planet
Nine. The positions of the cryobelt objects in the figure are rela-
tive to Planet Nine, which is positioned at 0 degrees in the plot of
longitude of perihelion and longitude of ascending node. Data of
known TNOs has been added to the plot; these are marked with
red filled dots and are positioned relative to Planet Nine. In the
left and middle plots cryobelt objects are clustering at 180◦ away
from Planet Nine, and this clustering is also visible in the right
plots. It is clear from the bottom plots that clustering increases
with increasing perihelion of the cryobelt objects.
ment of perihelion as a function of perihelion distance for all
successful simulations performed with an inner edge of the
cryobelt at 200 au. The degree of clustering is largest around
q = 300−500 au, close to the location of Planet Nine’s perihe-
lion. Cryobelt objects with perihelion distances smaller than
that of 2012VP113 experience significant clustering with val-
ues of |r| up to around 0.5. The degree of clustering is de-
creasing with perihelion distance up to q ≈ 100 − 150 au,
when this trend reverses. In contrast, simulations with an
inner edge of the cryobelt at 100 au results in values of |r|
that is below 0.25 for objects with perihelion distance less
than 150 au. Such a low degree of clustering is hard to de-
tect unless the sample is big, and in some simulations it
does not exist at all. In other words, the clustering that we
obtain in simulations with an inner edge of the cryobelt at
100 au is not observable. The simulations with an inner edge
of the cryobelt at 200 au however result in clustering that is
much more likely to be observable. The low-perihelion cry-
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Figure 7. Eccentricity versus semimajor axis for cryobelt objects
from one of the successful simulations (blue) and known TNOs
from the Minor Planet Center (red). The perihelion of Neptune
and of 2012VP113 (the most distant observed TNO) are marked
in the plot, and the position of Planet Nine has been added as
a green dot. Most Cryobelt objects remain far out in the solar
system; however, a small fraction mix with the scattered disc and
should be observable.
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Figure 8. Example where we show how the amount of clustering
can be calculated for the dark-blue circles in Figure 6. If the longi-
tude of perihelion angles for all objects are converted to Cartesian
coordinates; then the length of a vector r pointing towards the
mean of these x and y coordinates tell us how clustered the data
points are. If the data points are homogeneously distributed over
360 degrees the length of this vector will be 0, while equal angles
results in a vector of length unity. In this example the length of
the vector is 0.42.
obelt objects obtain high eccentricities and mix in with the
scattered disc; see Figure 7. Our simulations could thus ex-
plain the clustering in argument of perihelion seen amongst
ETNO’s by Trujillo & Sheppard (2014) to a certain degree.
0.25
0.50
0.75
1
ω¯
Clustering in longitude of perihelion
0.25
0.50
0.75
Ω
Clustering in longitude of ascending node
100 200 300 400 500
q [au]
0
0.25
0.50
0.75
ω
Clustering in argument of perihelion
Figure 9. The plot shows the degree of clustering in the longi-
tude of perihelion (top), longitude of ascending node (middle) and
the argument or perihelion (bottom) as a function of perihelion
distance for all of the successful simulations. For comparison we
also calculate |r | for the six objects with a > 250 au from Figure
1 in Batygin & Brown (2016) and add that as a dashed line. Most
of the clustering in our data occurs around 300−500 au. In the ob-
servable part of the solar system the degree of clustering is lower
but still significant, with values of |r | reaching up to around 0.5.
See the result section and Figure 8 for a description of how the
degree of clustering is calculated.
5 CONCLUSIONS
In this paper we have shown that dynamical friction with
an ultracold belt of planetesimals, which we have dubbed
a cryobelt, can put a scattered, eccentric planet on an or-
bit similar to that inferred for Planet Nine. In other words,
Planet Nine attains its orbit, with a raised perihelion and
moderate inclination, as a natural outcome of planetary in-
stability among the giant planets of the solar system, likely
a direct consequence of the formation of multiple protoplan-
ets in the ice giant region (e.g. Nesvorny´ 2011; Izidoro et
al. 2015). This means that we do not need to invoke a rela-
tively unlikely capture event (e.g. Mustill et al. 2016; Parker
et al. 2017; Perets & Kouwenhoven 2012) or a mechanism of
in-situ formation of a planetary mass object at several hun-
dred au from the sun (Kenyon & Bromley 2015, 2016). We
considered planets of mass 10M⊕, initiated on an eccentric
orbit with perihelion close to Neptune. We performed a set
of simulations to map which scattering events could result in
orbital parameters within the regime identified by Brown &
Batygin (2016); however, in our simulations we found that
the initial choice of semimajor axis for Planet Nine does not
seem to affect the result. This is at least true for our particu-
lar choice of initial perihelion distance, where Planet Nine is
coupled dynamically to Neptune after the initial scattering
event.
Continual interactions between Planet Nine and the cry-
obelt particles lead to strong or partial clustering in the or-
bital angles of the cryobelt objects, similar to that seen in
observations. This clustering occurs for all successful sim-
ulations, and can thus not be used to further refine the
initial conditions. Cryobelt objects which obtain perihelion
distances less than 80 au experience a significant degree of
clustering in simulations with an inner edge of the cryobelt
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at 200 au. The degree of clustering is substantially lower for
simulations performed with an inner edge of the cryobelt at
100 au. Trujillo & Sheppard (2014) find that all known ob-
jects with semi-major axis greater than 150 au and perihe-
lion greater than that of Neptune experience this clustering.
Our simulations could explain some of the clustering but the
degree of clustering is far from 100%.
Simulations with an inner edge of the cryobelt at 100 au
generally produce more mass within the observable region
of the solar system than seen in observations. This problem
is remedied by moving the inner edge of the cryobelt out
to 200 au. Most of the initial mass of the cryobelt remains
at the end of the simulations; around 4-5% enters the gi-
ant planet region or is ejected from the system, and a few
percentage mix in with the scattered disc. This would im-
ply that there is substantial mass sitting beyond the visible
region of the solar system. Except for collisional grinding,
which as we state further down is ineffective, stellar flybys is
the only event that could possibly work to reduce this mass.
If the mass of the cryobelt had decreased substantially by
such perturbations during the last 4Gyr, then the orbit of
Planet Nine would have already been in place (see Figure
4) and thus our result would likely not have changed much.
However, such late flybys are rare and it is not certain how
much mass that could be lost in this way. In the early life of
the solar system stellar flybys were more common; however,
if too much mass is lost too early it might not be possible to
circularize Planet Nine’s orbit. To check this we performed
a small set of simulations with a lower cryobelt mass. We
found that our model still yields good analogues for Planet
Nine for cryobelt masses down to 20M⊕ .
Objects in the cryobelt form in-situ via the streaming
instability, and the size distribution is therefore likely to
resemble that of the cold classical Kuiper Belt (Johansen et
al. 2015; Simon et al. 2016). The slope in the size distribution
of the classical Kuiper belt is steeper than that of the hot
population of the Kuiper belt and the scattered disc (Fraser
et al. 2014). The slope gets much steeper for larger objects,
and due to this the cold classical Kuiper belt lacks very large
objects. If this is also true for the cryobelt, then cryobelt
objects beyond 100 au will be very hard to observe. Observed
ETNOs are generally in the dwarf-planet mass range, likely
a reflection of a formation region much closer to the Sun and
subsequent outwards scattering during Neptune’s migration.
Cryobelt objects, on the other hand, should maintain the
birth size distribution of planetesimals, since the growth rate
by pebble accretion and mutual collisions is so low where
these objects form.
If cryobelts exist, could such planetesimal populations
be observable around other stars? Planetesimal belts are in-
ferred through the presence of debris discs, so in order to
detect a planetesimal belt they must be able to create and
maintain a debris disc. Since debris discs are formed through
collisions between planetesimals and the resulting collisional
cascade, there must be enough collisions between the plan-
etesimals in the belt in order to produce a debris disc. The
amount of collisions is determined by the collisional lifetime
of the planetesimals, tc . We calculate the collisional lifetime
of the largest planetesimal in our cryobelt in the same man-
ner as Wyatt et al. (2007). The planetesimal density, maxi-
mum planetesimal radius and size distribution of planetesi-
mals is obtained from Johansen et al. (2015). The dispersal
threshold, Q∗D , was taken to be 200 J kg
−1. The calculation
results in collisional lifetimes that are longer than the age of
the solar system in all parts of the cryobelt. This means that
no debris disc will be created, and the cryobelt will thus not
be detectable by direct observations.
During the circularization process approximately 2
Earth masses of planetesimals are ejected from the solar sys-
tem by Planet Nine. These ejected planetesimals could pos-
sibly have maintained bound orbits in the inner Oort cloud
(e.g. Hills 1981), if we had included galactic shear in our
simulations. If that would have been the case, a fraction of
them could return to the inner solar system as comets which
can be observed. Then there are the planetesimals that mix
in with the scattered disc. Since they form in situ far out
in the disc, their chemical composition will differ from most
other scattered disc objects. In the future, if observations
get precise enough, measurements of chemical composition
of scattered disc objects might be able to tell if part of the
high-eccentricity population formed very far out in the pro-
toplanetary disc. This part of the population could then be
identified as interlopers from the cryobelt.
Whereas we have used a cryobelt for circularizing a
scattered Planet Nine, Bromley & Kenyon (2016) investi-
gate whether is could be circularized by a gas disc. They
considered transition discs and performed simulations with
different sizes of the inner cavity, which in our simulations is
equivalent to changing the inner edge of the cryobelt. They
found that a large central cavity is essential to end up within
the wanted region of parameters, and were able to obtain
good results for inner edges of both 100 au and 200 au, which
is what we have used in our simulations. The demand put
on the gas disc in order to land within the desired region
of parameters is that it is either low-mass and long-lived, or
high-mass and short-lived. In order to circularize the orbit
of Planet Nine sufficiently within a few Myr, which is the
expected time for disc dissipation, they find that the initial
disc mass would have had to be about 0.1M or more. The
advantage of our model is that the lower mass limit on the
cryobelt is a robust outcome from simulations of planetes-
imal formation via the streaming instability, and that this
cryobelt is expected to persist for far longer than any gas
disc.
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